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This paper deals with the long-term deformation of Mechanically Stabilized Earth (MSE) walls induced by the corrosion of the steel
strips that ensure their internal stability. The analysis consists of deﬁning assumptions regarding the spatial variations of the corrosion
process throughout the wall, called corrosion scenarios, that deﬁne the evolution of the stiffness and strength of the steel strips. This
evolution is introduced into ﬁnite element simulations of the behavior of a typical wall, in which interactions between the backﬁll and
the strips are considered using a generalized homogenization procedure (called a multiphase model). The results of the simulations are
used to discuss the inﬂuence of the heterogeneity of the corrosion process on the overall time evolution of the wall.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Mechanically stabilized earth (MSE) walls (or reinforced
earth walls) are an economical solution for transportation
infrastructure, such as highways or railway embankments
(see, for instance, Kanazawa and Tarumi, 2010), especially
when available space is restricted. The technique consists13 The Japanese Geotechnical Society. Production and hostin
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nder responsibility of The Japanese Geotechnical Society.of reinforcing a backﬁll material with strips or grids whose
tensile strength and stiffness is used to ensure the internal
stability of the wall. There is a long and successful history
of these walls in many countries, especially in Japan, the
US, Canada and France. Field (Tatsuoka et al., 1996;
Pamuk et al., 2003) and model studies (Watanabe et al.,
2003) show that these walls exhibit a ductile behavior in
case of seismic loads compared with conventional retaining
walls. Given its performance, many research works have
made it possible to deﬁne design rules, in which special
attention is paid to the internal stability of MSE walls (see
for instance Miyata and Bathurst, 2012).
Such walls are designed for a service life of several
decades (75 years in France), during which time they must
remain in an acceptable state. In many cases, the strips are
made of steel, and over long periods, they may be subject
to corrosion, resulting in a loss of thickness, stiffness andg by Elsevier B.V. All rights reserved.
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been observed to fail as yet (Haı¨un et al., 2007), infra-
structure managers need tools to evaluate the current state
of existing walls constructed 50 or 60 years ago and their
remaining service life.
The steel used for the strips of MSE walls is generally
galvanized, i.e., coated by a thin layer of zinc. Experiments
on the corrosion of buried galvanized steel samples in
various conditions over long periods have shown that the
main factors affecting corrosion are pH, soil resistivity and
the concentration of dissolved sulfate and chloride ions,
and that submergence in salty water increases the potential
for corrosion.
The results of these experiments have yielded data that is
used to model the metal loss rate. In the design of MSE
walls, corrosion is considered using a speciﬁc parameter
termed sacriﬁcial thickness, i.e., the metal thickness that
will be lost by corrosion during the expected service life.
The design thickness of the reinforcing strips is the
nominal thickness minus the sacriﬁcial thickness, the latter
being calculated based on ﬁeld and laboratory data derived
from buried galvanized steel samples.
The studies on corrosion have also led to recommend
that the backﬁll material used to build MSE walls should
comply to speciﬁcations in terms of resistivity, water
content, pH, concentration in chlorides, sulfates given in
various rules or recommendations (e.g. FHWA-RD-09-
087, Elias et al., 2009).
In this paper, various corrosion situations, deﬁned by
means of a small number of well identiﬁed parameters and
assumed to be representative of speciﬁc contexts, are used
as a basis for numerical simulations. The aim is to compare
the predicted long-term deformations of a MSE wall
according to the assumptions made regarding the corro-
sion process.
2. General assumptions on the wall characteristics
All the simulations presented hereafter are related to a
ﬁctitious wall, with characteristics typical for a standard
MSE wall used in transportation infrastructure. The wall
height H is equal to 10.5 m. The length of the strips
remains constant throughout the wall and is equal to
Ls¼7.5 m. The strips are made of steel and have a
rectangular cross section of 60 mm 3 mm, and their
initial tensile strength is 360 MPa.
The facing consists of concrete panels, each panel being
nested in a periodic pattern formed by its neighbors. The
facing rests on a shallow concrete strip footing, 90 cm wide
and 60 cm thick. There is no mechanical connection
between adjacent panels, which makes that type of struc-
ture more ﬂexible than a typical retaining wall. Each panel
is 1.5 m wide, 1.5 m high and 0.14 m thick; the height of
the wall thus corresponds to the height of seven panels.
The backﬁll is constituted by a succession of 0.37-m layers;
after each layer is properly compacted, a level of reinfor-
cing strips is attached to the wall. Each panel is associatedwith two levels of reinforcing strips. The lower level is
placed 0.37 m above ground level, and the vertical distance
between two successive levels is 0.75 m. Following stan-
dard design procedures (LCPC-SETRA, 1991, or the
French standard NF EN 14475), the number of strips
per level increases with depth. For depths smaller than
4.5 m, two strips are attached to each panel per level; for
all other levels, three strips are attached to each panel
per level.
2.1. Mechanical modeling
Since the discussion is focused on the inﬂuence of
corrosion, the modeling of the wall mechanical behavior
is intended to be as simple and robust as possible, and is
based on the several assumptions listed in this section.
The strips and the panel are perfectly bonded (as long as
the strips are not completely corroded). The interface
between the backﬁll and the facing panels is assumed
perfectly smooth. This is a simplifying hypothesis, which
reﬂects the fact that the shear stress at the backﬁll-facing
interface is not well known because the data on friction
between wall and backﬁll in ﬁeld conditions are scarce.
However, Runser et al. (2001), gave an estimate of j/4 for
the friction angle, signiﬁcantly lower than the value of 2j/3
frequently taken into account in ultimate limit states
analyses.
Special attention is paid to the mechanical interaction
between the strips and the backﬁll, which governs the
behavior of this type of structure. Given the number of
strips in an actual wall and their periodic spatial distribu-
tion, it is possible to replace the reinforced soil mass and
the strips by an equivalent homogeneous material (see
among others Harrison and Gerrard, 1972; Michalowski
and Zhao, 1995; Chen et al., 2000; Nejad Ensan and
Shahrour, 2000; Seyedi and Farzaneh, 2010a, 2010b). In
the simulations presented hereafter, the backﬁll–strips
interaction is considered using a generalized homogeniza-
tion approach termed ‘‘multiphase model’’ (Sudret and de
Buhan, 2001; De Buhan and Sudret, 1999; Bennis and de
Buhan, 2003; Bourgeois et al., 2012b). Details of this
approach and its application to MSE walls can be found
in Bourgeois et al. (2011, 2012a) and in Chau et al. (2012).
The multiphase model is a generalization of the homo-
genization approach based on the idea that the strip-reinforced
backﬁll material can be modeled by the superposition of two
continuous media in mutual mechanical interaction: the ﬁrst
material, termed the ‘‘matrix phase’’ represents the ground,
whereas the second material, termed the ‘‘reinforcement
phase’’ refers to the reinforcing strip network. At the macro-
scopic scale adopted in this approach, two displacement ﬁelds
are used; these are associated with the matrix phase and the
reinforcement phase. In addition, the matrix phase is asso-
ciated with a Cauchy stress tensor, and the reinforcement
phase is associated with the (scalar) density of the horizontal
force in the strips per unit area of reinforced ground, denoted
by sr. The model handles the momentum balance equations
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density describing the mechanical interaction between the
phases. The behavior of the reinforced backﬁll as a whole is
described by three independent constitutive laws: one for the
matrix phase, one for the reinforcement phase and one for the
interaction between them.
As stated before, the behavior of the backﬁll material is
described by the usual Mohr–Coulomb model. For the
reinforcement phase, an elastoplastic model is adopted,
which is deﬁned by a stiffness parameter a and a maximum
value s0 of the stress in the reinforcement phase sr. The
stiffness parameter a is deduced from the number N of
strips attached to each facing panel, the area S of the
panel, and the area s of the cross section of each strip:
a¼ EsNs=S ð1Þ
where Es denotes the Young’s modulus of the steel
constituting the strips.
In a similar way, the tensile strength of the reinforce-
ment phase s0 is given by
s0 ¼NT=S ð2Þ
where T denotes the tensile force at failure of each strip (in
Newtons).
Finally, the interaction force between the matrix and the
reinforcement phases is described by a one-dimensional
elastoplastic constitutive law involving two additional
parameters:– cI describes the stiffness of the interaction and
– I0 denotes the threshold value of the interaction force
density for which an irreversible relative displacement
between the matrix and reinforcement phases occurs. In
other words, I0 is related to the maximum friction
between the strips and the ground.
The value of the interaction stiffness parameter cI
depends on the volume fraction of the strips, and on their
mechanical properties; Bennis and de Buhan (2003) pro-
vided analytical equations to derive the value of cI in the
case of cylindrical inclusions.
Based on the design rules for reinforced earth walls (see,
for instance, Schlosser and Guilloux, 1981; LCPC-SETRA,
1991), the maximum value I0 of the interaction force
adopted hereafter is given by the following equation:
I0 ¼ 2bNf nsv=S ð3Þ
where b denotes the width of each strip, sv is the vertical
stress at a given depth, and fn is a friction coefﬁcient. In
what follows, fn is taken equal to 0.4 in accordance with
the references cited above for smooth (i.e. not ribbed)
galvanized strips.
The model thus makes it possible to account for the
failure of a strip-reinforced earth wall in several modes:
yielding of the ground, slippage between the strips and
the backﬁll material, and (ductile) failure of the strips.The description of the reinforced backﬁll behavior relies on
four scalar parameters besides the parameters of the
backﬁll material: the stiffness a and the strength s0 of
the reinforcement, and two scalar parameters describing
the backﬁll–reinforcement interaction, cI and I0.
Note that, of course, other simulations techniques could
be used, for instance a more classical approach in which
the strips are modeled using speciﬁc linear elements. One
would get similar results provided that the interaction
soil–strip interaction can be described in a comparable way
(an example of comparison between both types of
approach can be found for instance in (Bourgeois et al.,
2012a). The multiphase approach is only seen as a
convenient tool for the analysis of the effects of corrosion.
3. Data on reinforcement strip corrosion
3.1. Survey of previous studies on the corrosion
of buried material
It is generally accepted (see for instance Elias, 1990,
2000; Elias et al., 2009) that the most comprehensive data
available on corrosion of buried steel samples stems from
the extensive experimental program carried out on metal
pipes and steel sheets by the US National Bureau of
Standards in the early twentieth century. In these studies,
motivated by the risk of pipeline corrosion, data was
compiled over 45 years (from 1910 to 1955) for 333 types
of materials buried at 128 sites. In 1957, Romanoff wrote a
comprehensive review of these experiments. He showed
that the corrosivity of a soil is inﬂuenced by various
parameters: the concentration of ions, such as sulfates,
sulﬁtes, chlorides, sulﬁdes, the pH, and the redox potential.
Brachet (1979) also noted that one of the major factors
inﬂuencing the corrosion of buried steel samples is the
conductivity of the material surrounding the buried steel
pieces. Soil type and grain size are also important: coarse,
well-drained soils have a lower risk than ﬁne soils. Ground
heterogeneities are likely to create electrochemical cells due
to differences in aeration.
Later, the development of MSE walls led the Reinforced
Earth Company and the French Public Works Research
Laboratory (LCPC) to undertake new studies from 1973
onwards, which were published in several stages (Darbin
et al., 1979, 1988). Frondistou-Yannas (1986) studied
in situ cases in the United States, and Sagu¨es et al.
(2000) reported on the effects of Hurricane Andrew in
Florida. More recently, Elias et al. (2009) have presented a
survey of the monitoring methods available to monitor
corrosion rates of buried metallic elements in reinforced
walls and a summary of the results of corrosion assessment
programs led in the US In France, Haı¨un et al. (2007)
reviewed investigations of more than 100 walls built for
roads or highways. A small number of examples of full-
scale experiments and detailed observations of monitored
MSE walls can also be found in the literature; among
them, Guilloux and Jailloux (1979) reported on such an
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brought to failure by corrosion by salted water.
3.2. Equations describing the corrosion of buried steel
On the basis of the NBS test results, Romanoff (1957)
noted that the corrosion rate is greater during the ﬁrst few
years after burial, and proposed an empirical relationship
to calculate the depth of the corrosion pits P versus time t:
P¼ Btn ð4Þ
where the exponent n is less than 1 to account for the fact
that the corrosion rate decreases with time, t is the time
expressed in years, and B is a coefﬁcient that describes the
kinetics of the corrosion process. Many design rules,
especially the AASHTO rules (AASHTO, 2012) or the
French standard NFP 94-270 (2009), describe the average
loss in thickness per side, denoted by De, by means of a
similar equation:
De¼Atn ð5Þ
In this context, the corrosion coefﬁcient A can be
interpreted as the loss of thickness on each side of the
steel strip after one year. The Eq. (5) neglects some
seasonal variations correlated to precipitations as evi-
denced by Elias et al. (2009). However, as our aim is to
model very long term evolution, we do not take into
account the effect of these seasonal variations.
Darbin et al. (1988) conducted carefully controlled
laboratory tests simulating in boxes ﬁeld burial conditions.
The results show considerable scatter of data, which can be
attributed to the variations of the parameters inﬂuencing
corrosion mentioned before. However, Darbin et al. (1988)
were able to draw some conclusions from their studies:– there is no signiﬁcant change in the corrosion rates of
galvanized steel when corrosion reaches the steel;–relative loss of thickness
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Fig. 1. Correlation between decrease in tensile force at failure and
thickness loss for smooth galvanized strips.
Source: Haı¨un et al. 2007; Renaudin, 2008.the exponent n of the law describing ‘‘long term’’
corrosion depends on the thickness of the zinc, and a
reference value of 0.65 can be adopted for a 70 mm thick
zinc coating.
The above law describes the mean loss of thickness along
the steel strips. However, given the heterogeneity of the
corrosion, the strength T decreases more rapidly than the
mean thickness. Darbin et al. (1988) suggested to model the
relationship between the decrease in tensile force at failure
DT and the loss in thickness De (for each side of the strip) by
the following formula for uncoated steel:
DT
T
¼K 2De
e
ð6Þ
where e denotes the initial thickness of the strip and T the
initial tensile force at failure. The value of K is larger than 1
in any case. Its recommended value is 2, according to French
Standard NF P94-270 for galvanized steel with a 70-mm zinccoating in a moderately aggressive environment. Higher
values should be adopted for uncoated steel or for galvanized
steel with a thinner zinc coating.
Field measurements on galvanized smooth strips, ﬁrst
presented by Haı¨un et al. (2007) and completed here with
some supplementary data (Renaudin, 2008), are shown in
Fig. 1, and led to a value of K¼1.9. It can be noted that
data show a large scatter, also observed by Elias (1990)
and Chau (2010). Notably, some points on Fig. 1 corre-
spond to negative values of DT, reﬂecting the fact that the
strips thicknesses were probably signiﬁcantly larger than
their nominal values in many situations, which introduces
some uncertainty in the description of the time evolution
of the strips properties.
For galvanized steel, the strength of the zinc coating can
be neglected, and the following formula is used:
DT ¼ 0 if Deoez; if DeZez ð7Þ
where ez is the initial thickness of the zinc coating. It
follows that the inﬂuence of corrosion is taken into
account in the model through two parameters of Eq. (7):
the initial thickness ez of the zinc coating, and the
coefﬁcient K relating the loss of strength to the loss of
thickness.
3.3. Spatial distribution of corrosion
The factor K has been introduced to take small-scale
spatial variations of the corrosion process into account
(i.e., the heterogeneity of corrosion at a scale similar to the
size of the sample used to perform traction tests). How-
ever, it should also be kept in mind that the corrosion
process can vary spatially at a larger scale, typically over
the height of the wall or the length of the steel strips.
Unfortunately, very little information is available regard-
ing the spatial variation of corrosion with respect to depth
or the distance from the facing of a reinforced wall. The
results regarding the experimental wall described by
Guilloux and Jailloux (1979) exhibit great variations in
the residual reinforcement strength for various samples
taken on the same wall at the same age.
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4.1. The principle used in scenario building
The question we address is the inﬂuence of the spatial
distribution of corrosion rates on the overall behavior of
the structure. Given all of the uncertainties attached to the
phenomenon of corrosion, it seems pointless to search for
an extremely precise model, and the approach adopted
hereafter consists of deﬁning simple scenarios for an
essentially qualitative approach.
In MSE walls that have been constructed using state-of-
the-art methods with backﬁll materials selected following
speciﬁcations and galvanized steel strips with sufﬁcient zinc
layers, the corrosion of steel is a slow process, but it can be
accelerated by introducing water and/or aggressive ions in
the backﬁll.
Stray electrical currents may also accelerate corrosion,
but Soyez (2009) reports that, in France, they are no longer
considered a concern making it preferable to avoid using
steel reinforced soil walls in railways. Expert studies in
USA reported by Sankey and Anderson (1999) led to a
quite similar conclusion.
The following analysis is based on the assumption that
spatial variations of corrosion arise due to heterogeneous
salt pollution.
Salt pollution can be due to various causes: The use of salt for de-icing roads. De-icing is the most
common cause of salt pollution in several countries, in
Europe or in northern USA and Canada. Poor drainage
can result in a concentrated salt intake in a restricted area,
which accelerates corrosion. Floods of salt or brackish water. Such ﬂoods can be
periodic (tides) or exceptional (Sagu¨es et al. (2000) report
on the effects of Hurricane Andrew in Florida in 1992). The maritime atmosphere in coastal areas. In areas
close to the sea, it is well known that the wind causes
salt spray. This affects the longevity of structural steel
and reinforced concrete in particular, because chloride
ions are able to migrate through concrete (see, for
example, Maldonado et al., 1996). In the case of MSE
walls, it must be kept in mind that the facing is made of
discontinuous panels. Global pollution of the embankment. Blight and Dane
(1989) report the case of a wall complex in which salt
water was used for ﬁll compaction. Some inappropriate
ﬁll materials can also result in an accelerated corrosion
process, for example, a ﬁll with a very high pH
(Frondistou-Yannas, 1986).
Our approach consists of deﬁning one ‘‘corrosion sce-
nario’’ for each of the four situations listed above. The
scenarios are intended to study the inﬂuence of the
distribution of corrosion on the evolution of the structure
and have not been designed to reproduce a given particularcase, due to a lack of detailed data in the literature speciﬁc
to a given reinforced wall. Each of these scenarios is
designed to qualitatively demonstrate the global behavior
of the structure for one type of pollution.
4.2. Scenario parameters
The value of the exponent n is taken as 0.65, based on
the recommendations of the French Standard NF P94-270
for galvanized steel (with a 70-mm zinc coat) in a moder-
ately aggressive ﬁll. We retain a value of 1.95 for K as
suggested by Chau (2010), and adopt the reference value of
the corrosion coefﬁcient Aref¼25 mm recommended for
moderately aggressive soils in NF P94-270.
Each scenario is deﬁned by the extent of the polluted
zone as shown in Fig. 2. The corrosion coefﬁcient in Eq.
(5) is equal to the reference value Aref¼25 mm outside the
polluted zone. In the ﬁrst three scenarios, the corrosion
coefﬁcient is equal to Aacc¼44 mm in the polluted zone.
In the case of global pollution, the polluted zone
includes the entire reinforced zone.
For the scenario corresponding to pollution associated
with a maritime atmosphere, we assume that the depth of
penetration of salt behind the wall facing d is constant:
d¼1.5 m.
The third scenario corresponds to the case of a wall in
which periodical ﬂooding induces a high concentration of
salt on the lower part; we have assumed that the ﬂooded
height is equal to 3 m (approximately 30% of the wall
height).
The scenario corresponding to pollution due to the use
of deicing salt is more complex and aims to model the
repeated intake of salt used in winter service due to
degradation of the top of the structure (i.e., salt water
inﬁltration due to loss of impermeability combined with
poor drainage of the backﬁll). In this scenario, the
corrosion coefﬁcient in the polluted area is not homo-
geneous throughout the backﬁll, but depends both on the
distance to the facing and on the depth. The polluted zone
is a triangular area delimited by the wall facing, the upper
surface of the wall and a straight line passing through the
wall toe. The position of this straight line is deﬁned by the
parameter L shown in Fig. 2, which was given the value of
4.5 m. The corrosion coefﬁcient A is a linear function of
the distance to the oblique line limiting the polluted zone;
it is equal to Aref at the lower limit of the polluted zone and
to Aacc at the top edge of the wall.
4.3. Numerical simulations
Finite element simulations were carried out by Chau
et al. (2012) to examine the inﬂuence of corrosion in
relatively simple and hypothetical situations. The compar-
ison between the scenarios presented in this paper is based
on ﬁnite element simulations carried out using the same
framework. Simulations have been performed using a
research version of the ﬁnite element code CESAR-LCPC
Table 1
Mechanical properties.
g
(kN/m3)
E (MPa) n
(dimensionless)
c
(kPa)
j
(deg.)
c
(deg.)
Underlying ground 20 1500 0.3 100 36 6
Backﬁll 20 100 0.3 1 36 6
Facing panels 25 10,000 0.2 – – –
Joints between
facing panels
25 1000 0.2 – – –
Footing of the
facing
25 10,000 0.2 – – –
 d 
noitulloperehpsomtaemitiraM-2pollutionlabolG-1
h 
3 - Flood pollution 
L 
4 - Deicing pollution 
Fig. 2. Zone of increased corrosion rate according to the various scenarios.
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been introduced.
Simulations are carried out under the assumption of
plane strain. The mesh includes a zone of non-reinforced
ground 10 m beyond the end of the strips and a layer of
1.5 m below the wall itself. Elements with reduced stiffness
are introduced between adjacent panels to account for the
ﬂexibility of the actual wall. The complete mesh includes
12,000 nodes and 4200 elements. Eight-node quadrilateral
elements are used for the wall facing and the ground, using
a quadratic interpolation and nine integration points per
element (no attempt is made to use lower-order elements,
such as quadrilateral elements with four nodes).
The behavior of the backﬁll material (in the reinforced
and unreinforced zones) and the supporting ground layer
is described using the usual Mohr–Coulomb constitutive
model. The facing panels and the ﬂexible elements
placed between adjacent panels are linearly elastic. Note
that the facing panels of actual walls are not pinned to
each other; it follows that the ﬂexural stiffness is much
smaller than that of a continuous concrete wall. This was
taken into account by adopting a reduced value of the
concrete Young’s modulus, close to that adopted by
Abdelouhab et al. (2010) for similar reasons. The values
of the parameters used for the simulations are given in
Table 1.
The choice of the value of the interaction coefﬁcient cI is
not straightforward. Following Chau et al. (2012), the
simulations presented hereafter were carried out using
a unique value of the interaction stiffness cI¼40 MPa/m2.
A sensitivity analysis has been undertaken and showedthat the simulations results become insensitive to value of
this coefﬁcient if its’ value is large enough (Chau, 2010).
The simulations consist of two steps:
The ﬁrst step aims at reproducing the construction
sequence of the wall: groups of elements are ‘‘activated’’
successively (i.e., their weight and stiffness are considered),
from the bottom to the top of the wall. The compaction of
the backﬁll material, which may induce local concentration
of forces in the strips, is not taken into account in the
simulations. Many references of measured values of tensile
forces in the strips are available to conﬁrm that the
numerical models provide consistent evaluations of the
loads (Huang et al., 2012; Bathurst et al., 2008, 2009).
Qualitative comparisons of the results obtained with the
model used here have been made by Chau (2010), and
quantitative comparisons were reported by Bourgeois et al.
(2011, 2012a).
In the second step, the stiffness and the strength of the
strips are progressively reduced, taking the time elapsed since
displacement scale         
1 m
Fig. 4. Deformed mesh after 156 years (uniform corrosion coefﬁcient
A¼25 mm).
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mechanical properties of the strips into consideration.
The inﬂuence of corrosion is taken into account by
modifying the values of the mechanical properties a and s0
of the reinforcement while considering the heterogeneity of
the corrosion process. By contrast, given the lack of data
regarding the time evolution of the backﬁll–strip interface,
the values of the parameters cI and I0 are kept constant.
The results obtained in the reference case of a corrosion
coefﬁcient taking the unique value of A=25 mm over the
entire reinforced zone have been presented in Chau et al.
(2012); only the main conclusions are noted here. At the
end of the wall construction, the strips are subjected to
tensile forces depending on the depth; given the construc-
tion process, the strips that are subjected to the largest
tensile forces are located at depths from 6 to 9 m. It is also
worth noting that the largest values of the tensile forces are
obtained in the ﬁrst meter, close to the facing.
In addition, the tensile forces obtained at the end of
construction are of the order of 20 kN, thus far below the
initial tensile strength of the strips, equal to 65 kN. It
follows that over a period of several decades after the end
of construction, the residual strength of the strips remains
much larger than the forces to which they are subjected,
and the deformations of the wall are due only to the loss of
stiffness induced by corrosion. The displacement rate is
very small (less than 1 mm/year). After 140 years, there is a
sudden acceleration in the displacement of the wall (Fig. 3)
resulting from the fact that the residual strength has
become lower than the tensile forces in some of the strips.
As the residual strength decreases, the number of strips in
which plastic strain occurs increases, and the horizontal
displacement of the wall increases steeply. The time
evolution of the maximum horizontal displacement of the
wall is shown in Fig. 3. Fig. 4 shows the displacements
computed after 156 years, when signiﬁcant deformations
have taken place, the horizontal displacement of the wall
head being close to 800 mm. Displacements are magniﬁed
(the scale is indicated in the ﬁgures) in order to illustrate in
a qualitative way the deformation mechanism in the wall.
It can be noted that, after 156 years, and with the
assumptions made above regarding the values of the0.1
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Fig. 3. Time evolution of the maximum horizontal displacement of the
facing (uniform corrosion coefﬁcient A¼25 mm).parameters A, ez and K, the mean thickness of the strip is
reduced to 56% of its initial value, whereas the residual
strength of the strips taken into account in the model is
roughly equal to 18% of the initial strength. In other words,
the wall failure occurs at a time when a signiﬁcant part of the
strength has been lost, but the residual strength is not zero.
Simulations show a clear difference between the simula-
tions in which only the loss of stiffness plays a role (to140
years), which require a few minutes of computation time,
and the simulations of the long-term behavior of the wall
(t4140 years), for which several hours of computation are
needed (the computer used for this study was a 3 GHz
AMD-Opteron-powered computer running Linux Ubuntu
v. 10). Various parametric studies of the inﬂuence of
material properties and other parameters are presented in
Chau (2010). The discussion presented here is focused on
comparing the results obtained for the four scenarios.
5. Effect of the corrosion scenario on the long-term behavior
of the wall
The discussion of the scenarios is based on the compar-
ison of:– the deformations of the wall and the horizontal dis-
placements of the facing,– the plastic strains in the backﬁll, and
– the time evolution of the maximum displacement of
the wall.
In all cases, the time evolution of the wall can be divided
into two stages, similar to the result obtained for the
reference case presented above:– during the ﬁrst period, the only cause of wall movement
is the loss of stiffness due to corrosion, and the
displacements remain small and slow;
displacement scale         
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after a given number of years (depending on the
corrosion scenario), there is a steep acceleration of the
wall movements, leading to displacements that are no
longer compatible with normal service conditions (i.e.,
of the order of 100 mm or more) and displacement rates
that can exceed 10 mm/year.However, the scenarios show several differences, which
are discussed in the following sections.Fig. 6. Deformed mesh after 144 years (ﬂooding scenario).
displacement scale         
1 m
Fig. 7. Deformed mesh after 96 years (de-icing scenario).5.1. Displacements
The evolution of the stiffness and strength of the strips is
described using the approach adopted here based on the
time evolution of the strip thickness given by Eq. (5). As
explained in Chau et al. (2012), a consequence of the model
is that, for a uniform corrosion coefﬁcient of Aacc at a
given time ta, the simulations give the same results as those
obtained for a uniform coefﬁcient Aref at time tr given by
Aaccta
0.65¼Areftr0.65. It follows that the displacements shown
in Fig. 3 are equal to the displacements obtained for the
global pollution scenario after 65.4 years.
The displacements obtained for the maritime pollution
scenario after 67.2 years are shown in Fig. 5 and appear
very similar to those obtained in the simulations using a
uniform corrosion coefﬁcient.
The displacements obtained for the ﬂood scenario after
67.2 years are shown in Fig. 6. The accelerated corrosion
of the strips in the lower part of the wall results in a
bulging of the facing, and the displacement 3 m above the
ground is almost equal to the displacement at the top of
the facing.
Finally, Fig. 7 shows the displacements obtained after 96
years for the ‘‘deicing’’ scenario. There is a clear rotation of
the upper part of the facing around the joints between the
facing panels located at a depth of 4.5 m from the wall top.
This is due to a vertical variation of the corrosion coefﬁcient;displacement scale         
1 m
. 5. Deformed mesh after 67.2 years (maritime atmosphere scenario).in this case, the upper level strips are subjected to more rapid
corrosion than the strips located at greater depth.
In terms of the vertical settlement of the retained
backﬁll, all scenarios show maximum vertical displace-
ments of the same order as the horizontal displacements.
In other words, the variations in the volume of the ﬁll are
negligible, which is consistent with the fact that no
additional external load is applied to the wall. Settlements
can be more or less prejudicial depending on the type of
infrastructure (railway or road) and their variation along
the length of the wall. In the ﬁrst three scenarios, the
ground surface remains roughly horizontal, with a differ-
ence in level between the reinforced and the unreinforced
part of the wall. However, the fourth scenario can lead to a
more severe inclination of the wall surface.
The vertical variations of the horizontal displacement of
the facing, at times chosen such that the maximum displace-
ment is of the order of 80 mm and 800 mm, are shown in
Figs. 8 and 9, respectively. The results for uniform corrosion
and the corrosion due to a maritime atmosphere are
very similar. The results for a wall subjected to ﬂooding
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Fig. 8. Horizontal displacements of the facing (the maximum displace-
ment is approximately 80 mm).
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Fig. 9. Horizontal displacements of the facing (the maximum displace-
ment is approximately to 800 mm).
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the lower part of the facing already noted in Fig. 6. The
scenario associated with deicing leads to a hinge located
7.5 m above the ground in Fig. 8 and at 6 m in Fig. 9,
showing that the area where plastic strain occurs in the strips
propagates downwards as time progresses.5.2. Plastic strain in the backfill
Fig. 10 shows the area in which the norm of the plastic
strain tensor in the backﬁll material is larger than 2.5%,
for the same times as those shown in Fig. 8 (when the
maximum displacements are close to 80 mm).
In the ﬁrst three scenarios, plastic strain develops along
a band starting from the wall toe or from the joint between
the lowest two panels and crosses the upper surface close
to the limit of the reinforced zone. In all three cases, the
angle between the plastic shearing band and the horizontal
is approximately equal to tan (p/4þj/2), and the ground
above the band is subjected to relatively small deforma-
tion, which is consistent with traditional failure analyses of
retaining walls. The plastic zone is relatively closer to the
facing in the maritime scenario than in the uniformcorrosion scenario, reﬂecting the heterogeneity of corro-
sion in the former case. Similarly, the band is located at a
somewhat greater depth in the ﬂooding case, reﬂecting the
fact that the corrosion coefﬁcient is larger in the lower part
of the wall.
In the de-icing scenario, plastic strains occur in a limited
triangular zone at the top of the wall, and do not spread
across the entire reinforced zone. Note, however, that the
slope of the limit of the plastic zone is similar to that
obtained in the other scenarios.
In other words, the failure mechanism results from both
the backﬁll shear strength and the geometry of the areas
where corrosion is accelerated.
5.3. Tensile forces in the strips at the wall facing
The tensile forces computed in the strips at the connec-
tion with the wall facing for the various scenarios and for a
period of time for which the maximum wall displacement is
close to 800 mm are shown in Fig. 11. The values obtained
at the end of construction period are also plotted for
comparison purposes. It can be noted that both the order
of magnitude of the loads and the variation with depth are
similar with typical experimental results in the literature
(e.g. Miyata et al., 2009).
The distribution of the tensile forces along the wall
clearly reﬂects the assumptions made for a given situation.
For the ﬂooding scenario, for instance, the tensile forces in
the strips of the lower part of the wall (zo3 m) are equal
to zero, showing that the steel is entirely corroded. In the
strips of the upper part of the wall, where corrosion is
slower, the tensile forces are larger than their initial values.
The scenarios associated with uniform corrosion and salt
intake due to a maritime atmosphere show very similar
distributions of tensile forces: in the lower part of the wall,
the tensile forces are the same in all levels of strips and are
equal to the residual strength of the strips. Here, the
decrease in the forces in the lower strip levels again induces
a load transfer to the levels of the upper part of the wall
that exceeds their initial value for z46 m.
In contrast, under the de-icing scenario, the tensile
forces are close to their initial values in the lower part of
the wall (where corrosion is slow) and signiﬁcantly reduced
in the upper part of the wall (z47.5 m).
When displacements are close to 800 mm, it can be
considered that the wall has reached failure; the strips still
have a residual strength that is not negligible, around 20%
of their initial strength for the uniform pollution and the
maritime atmosphere scenarios.
5.4. Time evolution of the maximum displacement
The results presented above clearly show that the
assumptions made in the different scenarios not only
inﬂuence the deformation of the wall, but also affect the
time evolution of the displacements; this point is discussed
in greater detail in this section. The discussion is based on
Fig. 10. The area in which the plastic strain in the backﬁll material is larger than 2.5%.
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Fig. 11. Tensile forces in the strips at the wall.
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Fig. 12. Evolution of the horizontal displacement of the facing under
various corrosion scenarios.
E. Bourgeois et al. / Soils and Foundations 53 (2013) 259–271268Fig. 12, which plots the maximum horizontal displacement
of the facing as a function of time for the reference case
(uniform corrosion with A¼Aref¼25 mm) and the four
scenarios.
First, it is recalled that under the model adopted here, the
displacements at a given time ta for a uniform corrosion
coefﬁcient Aacc¼44 mm can be deduced from the results
obtained with a uniform corrosion coefﬁcient Aref¼25 mm at
a time tr¼ (Aacc/Aref)1/0.65ta. In all the scenarios discussed
above, the corrosion coefﬁcient at any point of the reinforced
backﬁll lies in the interval [Aref, Aacc]. Thus, it can be expected
that the curves obtained for scenarios 2 to 4 lie between the
two curves corresponding to uniform corrosion with A¼Aref
and A¼Aacc. The simulations conﬁrm this hypothesis.However, there are very large differences between the
simulations. The time required for the maximum displace-
ment to reach 100 mm is approximately 153 years in the
reference simulation and 64 years for the global pollution
scenario (A¼Aacc throughout the backﬁll). The corre-
sponding period is 132 years for the ﬂooding scenario, 93
years for the de-icing scenario, and 66 years for the
maritime atmosphere scenario. To state the results simply,
the simulations tend to indicate that failure occurs more
rapidly if the accelerated corrosion area is located in the
upper half of the wall and close to the facing (where the
E. Bourgeois et al. / Soils and Foundations 53 (2013) 259–271 269tensile forces in the strips are greatest at the end of the
construction period). Interestingly, the ﬂooding scenario
leads to later failure than under the other scenarios. It is
anticipated that this result depends strongly on the ratios
of Aacc/Aref and h/H adopted in this study.
Large differences also exist in the transition between the
periods of slow and fast evolution of the displacements.
The de-icing scenario has the most severe transition. There
is a spectacular increase in the displacements as soon as
plastic strains appear in the wall; the maximum displace-
ment is less than 2 mm after 92 years, but is larger than
250 mm two years later. Such a rapid transition between
displacements that are difﬁcult to detect and displacements
that are large enough to prevent a normal use of the
infrastructure provides strong evidence that such rein-
forced structures need to be frequently inspected (at least
two times per year in the scenario presented here, which
corresponds to the construction standards prevailing in the
1960s). In all other scenarios, the acceleration of the
displacement is much slower; in the global pollution
scenario, there is an interval of 7.5 years between the time
that the displacement reaches 2 mm and the time at which
it reaches 100 mm. In the ﬂooding scenario, the corre-
sponding time interval is 72 years.
Fig. 12 also shows that the results obtained under the
maritime atmosphere scenario are very similar to those
obtained for the global pollution scenario: the curve
obtained in the ﬁrst case can practically be deduced from
that of the global pollution by a 2 year-translation along
the time axis. This result shows that the corrosion of the
strips in the ﬁrst meter behind the facing plays a governing
role in the long-term behavior of the wall. This is an
interesting conclusion, because it tends to conﬁrm that it is
pointless to reﬁne the description of the spatial variations
of the corrosion coefﬁcient.
Finally, under the ﬂooding scenario, the ﬁrst strips to be
corroded are located in the lower half of the wall due to the
combination of more rapid corrosion and larger tensile
strength in this area at the end of construction. At the time
that plastic strain begins to appear, the tensile forces in the
upper level strips are still lower than their residual
strength, which makes it possible to transfer part of
the load to the upper-level strips. The combination of the
residual properties of the strips in the upper part of the
wall and the embedding of the wall toe in its foundation
leads to safe structural behavior.
6. Discussion
The approach presented here rests on three elements: a
mechanical model of wall behavior based on the multi-
phase approach, a simple model of the corrosion process
described by Eq. (5), and assumptions regarding the spatial
variations of the corrosion coefﬁcient, called corrosion
scenarios. Finite element simulations are used to combine
these elements and to provide an insight of the long-term
behavior of the wall.In this section, we discuss the results in terms of
infrastructure management. A small number of techniques
are available to investigate the current state of MSE walls.
In many cases, extra strips, which were not taken into
account in the design, were placed such that they could be
extracted and tested during the life of the wall; however,
limited information can be drawn due to scatter in the
data. At the time of construction, no monitoring devices
were introduced in the wall, and it seems difﬁcult to
introduce them once the wall has been completed. In
practice, thorough investigation generally requires that
the infrastructure ceases operation; therefore, it is only
carried out when the wall has suffered obvious damage. In
most cases, periodic visual inspection is the only remaining
option. It should be borne in mind that the initial geometry
of wall constructed several decades ago is unknown, and
therefore, the detection of structural problems relies on
comparing changes in the geometry between successive
inspections. In this respect, the time evolution computed
for the de-icing scenario represents by far the most
dangerous situation because the maximum displacement
of the wall increases from less than 2 mm to more than
100 mm over less than one year. On the basis of this result,
it would be reasonable to recommend that the wall be
inspected at least two or three times each year. Note,
however, that under the other scenarios the corresponding
interval is approximately 7 years or more. Given this
result, it seems advisable to adapt the frequency of
inspection depending on the context of each speciﬁc wall.
In other words, situations in which corrosion is much
more rapid in the vicinity of the facing and in the upper
part of the walls should be identiﬁed, and walls located in
such a context should be subjected to a speciﬁc inspection
program. To achieve this goal, one could also develop a
monitoring system to quantify such properties as backﬁll
conductivity, water content, and/or the concentration in
chlorides in existing walls.
7. Conclusion
This paper presents an analysis of the inﬂuence of corrosion
of steel strips on the long-term behavior of MSE walls. The
lack of precise data on the corrosion conditions prevailing in
actual cases of wall failures makes numerical simulations an
interesting tool to investigate the consequences of hypothesis
formulated on the corrosion process.
Given the complexity of the phenomena involved, the
approach proposed here relies on a set of simplifying
assumptions summarized below:– corrosion is described in a very global way by a local law
for the evolution of the stiffness and strength of the strips
that is governed by a unique corrosion coefﬁcient A;– spatial variations of the corrosion rate are taken into
account through scenarios describing the spatial varia-
tions of A depending on the cause of the pollution of the
backﬁll.
E. Bourgeois et al. / Soils and Foundations 53 (2013) 259–271270Given the large dispersion shown by the data found in
the literature, no attempt was made to reﬁne the descrip-
tion of the corrosion process: variations of the corrosion
coefﬁcient with time or the acceleration of the corrosion
due to tensile stress in the strips are not taken into account
in the analysis; in addition, the model adopted here does
not take variations of the interface parameters into con-
sideration, because no data are available to quantify such
variations. Because of the number of assumptions made,
the validity of the approach remains to be conﬁrmed on
the basis of well-documented case studies of MSE wall
failures caused by corrosion.
In this simpliﬁed framework, four scenarios have been
deﬁned, and the long-term behavior of the walls has been
discussed based on ﬁnite element simulations. The results
show a clear inﬂuence of the scenario on the general
deformation pattern of the wall when it is near failure and
immediately after the wall reaches its service limit states,
and they provide preliminary elements for the design of
surveillance systems for MSE walls. In most cases, periodic
inspections at speciﬁc time intervals make it possible to
detect the acceleration of displacements several years
before severe damage occurs. For the most unfavorable
scenario in which the corrosion coefﬁcient is heterogeneous
in both the vertical and the horizontal directions, the
transition between the initial regime of slow deformation
and the phase of acceleration of the displacement is short.
This suggests that the frequency of the inspections should
be adapted to the scenario and that tools need to be
developed to investigate the chemical parameters inside the
bulk of the reinforced wall.Acknowledgments
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